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ARTICLE INFO ABSTRACT

Keywords: Glucose oxidase (GOx) can specifically catalyze the conversion of f-b-glucose into gluconic acid
Glucose o.xidase and hydrogen peroxide (H203) in the presence of oxygen, making it promising for tumor star-
Nanocarriers vation therapy and oxidative therapy. However, GOx’s immunogenicity, poor in vivo stability,
E:;g;tred therapy short half-life, and potential systemic toxicity, limit its application in cancer therapy. Nano-

carriers are capable of improving the pharmacological properties of therapeutic drugs (e.g. sta-
bility, circulating half-life, and tumor accumulation) and lower toxicity, hence resolving GOx
issues and enhancing its efficacy. Although the application of targeted nanocarriers based on GOx
has recently flourished, this field has not yet been reviewed and evaluated. Herein, we initially
examined the mechanism of GOx-based nanocarriers for enhanced tumor therapy. Also, we
present a comprehensive and up-to-date review that highlights GOx-based nanocarriers for tumor
targeting therapy. This review expands on GOx-based nano-targeted combination therapies from
both passive and active targeting perspectives, meanwhile, active targeting is further classified
into ligand-mediated targeting and physical-mediated targeting. Furthermore, this review also
emphasizes the present challenges and promising advancements.

1. Introduction

Cancer is a major cause of death in 2022, with an estimated 19.3 million new cases and 10 million deaths [1]. Since chemotherapy
drugs have a non-selective effect on normal cells, most patients receiving conventional chemotherapy have side effects. Enzymatic
therapy, a novel oncology strategy, destroys tumor growth by depleting vital nutrients [2], degrading tumor extracellular matrix [3] of
tumors, or activating prodrugs [4]. Enzymes have unique advantages over conventional chemotherapeutic drugs [5], such as high
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biodegradability and catalytic efficiency. So far, asparaginase [6] and PEGylated arginine deiminase [7] have been approved by the
United States Food and Drug Administration (FDA) as two antitumor enzymes. A promising natural enzyme is glucose oxidase (GOx)
for cancer starvation therapy and oxidative therapy, which catalyzes the oxidation of p-p-glucose to hydrogen peroxide (H20) and
gluconic acid [8]. GOx can effectively cut off the energy supply to tumor cells by depleting intra-tumoral glucose, consequently
hindering tumor growth [9]. However, the usage of GOx is currently restricted due to its immunogenicity, low in vivo stability, short
half-life, and probable systemic toxicity.

The use of nanomaterials in cancer therapy is gaining popularity due to their distinguishing features such as better pharmacological
properties of medicinal compounds (e.g. stability, circulating half-life, and tumor accumulation) and efficacy [10]. With the aid of the
enhanced permeation and retention (EPR) effect [11], nanocarriers can escape via the leaky endothelium and become stuck inside the
tumor due to a flawed lymphatic drainage system, which can increase nanomaterial aggregation in solid tumor tissue. The EPR effect
enables nanocarriers to be passively targeted to solid tumors. In contrast to passive targeting, active targeting of solid tumors can
deliver a higher concentration of drugs to the target area with fewer adverse effects [12]. In recent years, GOx-based nanoparticle
delivery systems for tumor targeting therapy have developed rapidly, and there have been several reviews of GOx-related tumor
therapeutics and diagnostics [9,13-17], but tumor-targeted therapies involving GOx-based therapies have still not been analyzed and
summarized. In this review, we discuss the mechanism of GOx-based nanocarriers for enhanced tumor therapy. Moreover, we also lay
emphasis on its passive and active targeting-based tumor therapy in order to promote the development of targeting of tumor therapy
and nanomaterials. Finally, we discuss the current challenges to clinical translation as well as its promising future development.

2. Mechanism of GOx-based nanocarriers for treating tumors

Glucose is a key component that contributes to tumor growth by providing energy [18]. GOx could transform glucose to gluconic
acid and H,0,, providing an alternative method for cancer starvation therapy [19]. Furthermore, at large concentrations, HoO5 could
trigger cytotoxic effects via HoOo-dependent acceleration of tumor cell apoptosis [20]. As a consequence, introducing GOx into the
tumor is anticipated to consume intra-tumoral glucose while simultaneously boosting the H205 level to kill cancer cells. Based on these
two properties, GOx has been used to treat cancer by starvation therapy and oxidative therapy. To understand the mechanism of action
of GOx-based nanocarriers in tumor therapy, we will begin with starvation therapy and then go to oxidative therapy in the sections that
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Fig. 1. Mechanism of GOx-based Nanocarriers Enhanced Tumor Therapy
Notes: Starvation and oxidative therapies are common categories for GOx-based nanoparticle drug delivery systems for enhanced tumor therapy.
Starvation therapy is divided into three categories: enhanced single-starvation therapy, combination chemotherapy and enhanced O, supplement;

oxidation therapy is also divided into three categories: enhanced single-oxidative therapy, facilitate the enzymatic process, and combination PDT/
SDT/CDT.
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follow (Fig. 1).
2.1. GOx-based nanocarriers enhanced starvation therapy

In recent years, cancer starvation therapy has emerged as an alternative strategy to preventing tumor growth by cutting the energy
supply with few adverse effects. According to the Warburg effect, tumor cells require more glucose than normal tissue cells do. As a
result, tumor growth will be preferentially stopped if glucose is scarce [21]. Numerous functional nanomaterials have been designed
for enhancing tumor starvation treatment [22-24]. Vesicles are the most extensively utilized cellular transport vehicle, therefore
encapsulating GOx within vesicles would be a preferable solution [25]. To illustrate the effectiveness of starvation therapy with
vesicle-based delivery of GOx at the tumor site, Dinda and colleagues [26] observed that GOx-based starvation therapy with
self-assembled vesicles was around 6-fold more effective against cancer cells (HeLa) than normal cells (NIH 3T3). However, given the
tumor’s heterogeneity and continuous blood supply, eradicating the tumor with a single starvation therapy is difficult.

When combined with chemotherapy, starvation therapy’s ineffectiveness is considerably decreased. In this regard, Huang et al.
[27] successfully augmented starvation-combined chemotherapy by delivering GOx and doxorubicin (DOX) using zeolite imidazole
framework (ZIF)-based nanoparticles. Meanwhile, nanocarriers disintegrated and released Zn>" into tumors, disabling mitochondria
and damaging tumor cells’ antioxidant systems, which boosted cancer starvation-combined chemotherapy. Furthermore, Zhang et al.
[28] used AuNPs to co-load GOx and DOX, which can kill 80% of cancer cells when combined with 0.2 pg/mL of DOX and 22.5 pM of
the nano-conjugate, demonstrating that the specific damage induced by the nano-conjugate can make cancer cells much more
vulnerable to chemotherapy. Zhang and coworkers [29] put forward a multitherapy modality: tumor starvation triggered synergism
with sensitized chemotherapy, integrating the characteristics of each therapy modality and material chemistry. Following the GOx
starvation-induced amplification of pathological defects in tumors, chemotherapy is scheduled to be locally activated and accurately
strengthened to provide the best possible multitherapy synergism from a spatial and temporal perspective. In response to
hypoxia-induced by TME and GOx-mediated starvation therapy, hypoxia-activated prodrugs could effectively enhance GOx-based
starvation therapy. Zhang and colleagues [30] proposed a novel technique for delivering GOx and hypoxia-activated prodrugs tira-
pazamine (TPZ) via liposomal nanocarriers by combining starvation therapy with hypoxia-activated therapy, a synergistic therapeutic
modality that improves the growth inhibitory effect of 4T1 tumors. Similarly, Mei et al. [31] exploited TME-mediated cascaded
nanoreactor to achieve the perfect combination of self-enhanced catalytic therapy and hypoxia activated TPZ chemotherapy.

Although hypoxia undermines the efficiency of GOx-based starvation therapy, MnO and Catalase (CAT) can catalyze the break-
down of Hy0, into oxygen, relieving hypoxia in starvation therapy. Kou et al. designed FePt/MnQ,/GOx-based synergistic therapy in
which the accumulation of gluconic acid and H205 from glucose consumption promotes MnO; catalytic efficiency, resulting in the
sustained generation of Oy [32]. Similar to this, Zhou et al. [33] created a therapeutic strategy for augmenting starvation therapy with
oxygen self-supply using metal-organic framework MOF-embedded GOx and CAT. By catalyzing the decomposition of HoO5 generated
by GOx to produce additional oxygen, CAT can amplify the effectiveness of Os-dependent starvation therapy.

2.2. GOx-based nanocarriers enhanced oxidative therapy

Oxidative therapy is a novel approach to cancer treatment that involves specifically enhancing oxidative stress in cancer cells above
the toxicity threshold [34]. Reactive oxygen species (ROS) [35], the basis of oxidative therapy, is a broad term for a class of tiny,
chemically active molecules containing oxygen, which includes superoxide radicals (O3), nitric oxide (NO), and hydroxyl radicals
(eOH), as well as non-radicals like HoO5 and singlet oxygen (102). GOx consumes glucose while boosting H>02 production. High HoO,
accumulation caused by GOx oxidation of glucose has an effect on killing cancer cells via ROS activation. Zhao and colleagues [36]
designed a glucose-responsive GOx-polymer nanogel for synergistic melanoma starvation and oxidative therapy by regulating HyOs,
mediated by GOx. More importantly, nanogels not only boosted GOx’s anticancer efficacy, but also reduced GOx’s side effects by
restricting GOx to the tumor site.

In addition, to further enhance the efficacy of GOx-mediated oxidative therapy, enhancement of enzymatic processes is a possible
pathway. For instance, Li and coworkers [37] developed GOx-loaded therapeutic polymeric nanoreactors (theraNRs) with a vesicle
structure that were adopted to facilitate the enzymatic process for inducing oxidative stress locally in response to the TME. TheraNRs
can induce oxidative stress not only by depleting glucose to produce HyO» but also by reducing GSH-mediated ROS scavenging,
resulting in cancer cell death and tumor elimination. Likewise, Wei al et [38].developed multienzyme nanoreactors based on iri-
dium/ruthenium (IrRu) with cascade catalytic potential to treat breast cancer via synergistic oxidative and starvation therapy. IrRu
catalyzed the conversion of glucose to HoO5, whereas GOx catalyzed the conversion of HyO5 to the lethal poisonous 105 and Os. Among
them, 10, might directly increase cancer cell apoptosis through oxidative treatment, and O, assisted in alleviating the hypoxia problem
associated with starvation therapy.

To increase ROS cytotoxicity, oxidative therapies are used in conjunction with photodynamic therapy (PDT) [39], sonodynamic
therapy (SDT) [40], and chemodynamic therapy (CDT) [41]. Compared to mild HyO,-induced oxidative therapy, PDT and SDT
employed ROS produced following laser or ultrasound irradiation, respectively. Zhou and coworkers [33] proposed a strategy of
cascade reaction-enhanced combined therapy based on the Oj-evolving multifunctional nanoreactors. Biomimetic mineralization was
used to encapsulate GOx and CAT in an MOF to increase their stability through spatial confinement. Furthermore, HyO, created by
GOx can be broken down by CAT and continue to produce O, improving the efficacy of Op-dependent starvation therapy and PDT.
Furthermore, Zhou et al. [42] created PdPt bimetallic nanocatalysts in collaboration with GOx and the acoustic sensitizer IR780 for
NIR-II photothermal enhanced tumor starvation and SDT, supplemented with an oxygen self-supply strategy. The combination of
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starvation therapy and SDT in this nano-reactor results in complete tumor clearance. Simultaneously, it induces immunogenic cell
death and boosts anti-tumor immunity. Given that nanotitania can generate a variety of ROS (such as !0, OH, etc.) in response to
ultrasound stimulation, Xue and colleagues [43] conceived and built a smart nanoplatform to immobilize GOx utilizing a TiO,@Pt
Schottky junction. TiO,@Pt produced 0, and hydroxyl radicals (¢OH) more quickly when exposed to ultrasound, whereas
Pt-catalyzed O, self-supply increased the buildup of ROS and GOx-mediated glucose depletion. The finding implied that TiO,@Pt/GOx
(TPG) mediated SDT and starvation therapy promote systemic tumor suppression while relieving hypoxia in the TME. Since 2016, Prof.
Wenbo Bu has proposed CDT that activates nanomedicine Fenton-like processes to produce powerful ¢OH for tumor-specific therapy
[44]. Iron-related nanoparticles are strongly related to the Fenton reaction, in which iron-based materials catalyze Hy02 to form O,
and H20 under neutral conditions but highly toxic ¢OH under acidic conditions. Hu et al. [45] created TPZ@FeMSN-GOx by syn-
thesizing iron-doped mesoporous silica nanoparticles (FeMSNs) loaded with chemotherapeutic drug TPZ. More interesting, intracel-
lular reduced GSH promotes Fe*' to Fe>" conversion, which eventually decomposes Hy0, to eOH, ensuring efficient CDT.

3. GOx-based nanocarriers for tumor target therapeutic applications

Considering the superior tumor-killing efficacy of GOx-based nanocarriers and their elucidated killing mechanism, additional
effective techniques to increase delivery efficiency beyond 0.7% will be developed [46]. As shown in Fig. 2, passive targeting and
active targeting were critical in tumor therapy. Given the unique advantages of active targeting, such as the effective enhancement of
tumor cell endocytosis, we will focus on the application of GOx-based active targeting in tumor therapy.

e

Cell Apoptosis

CAT Oxidation

o d<a

ST H:0:
(oS ey . _/
(o '
.- [ORO LAY
(9 32/ SN A .
0 (o} o) 4 Fenton’réaction
,,[ orz}/j Magnetic

A h, ' :
8| Endothelial cells| ® | Normal cells Cancer cells Glucose Oxidase c P S itizer o Photosensitizer
[ \\ 4 O . drug Q

T avp3 Recep T FA Recep T CD44 T RGD Ligand ‘? HA Ligand FA Ligand . Nanocarriers

Fig. 2. Schematic Diagram GOx-based Nanocarriers for Tumor Targeting Therapy

Notes: Tumor-targeted therapies are typically divided into two types: passive targeting and active targeting. Passive targeting relies on tumor-
specific EPR effects to promote drug aggregation in tumor tissues, whereas active targeting therapies are frequently mediated by ligands or
physical modalities to effectively improve targeting. Given the unique starvation and oxidative therapies of GOx, the development of GOx-based
nanoparticle drug delivery system dramatically improves the efficacy of tumor-targeted therapies and creates a solid foundation for clinical
translation.
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3.1. Passive targeting

The delivery of nanocarriers via the EPR effect is regarded as the most significant achievement in the field of targeted cancer
medication therapy [47] (Fig. 2). Nanocarriers of around 100 nm in size are believed to exhibit a robust EPR effect. Maeda first
proposed the EPR effect in 1986, noting that the majority of solid tumors had blood vessels with poor structure and increased vascular
permeability to guarantee a sufficient supply of nutrition and oxygen to tumor tissues for rapid growth [30,31]. Passive targeting is
summarized in Table 1.

Ren et al. [49] invented a self-assembled bioreactor cascade (FeS-GOx nanodots) to improve nanocarrier penetration and tumor
treatment efficacy. The larger FeS-GOx@PTX (FGP) was generated by co-assembling FeS-GOx nanodots and hydrophobically intro-
ducing the chemotherapeutic drug paclitaxel (PTX). The larger FGP nanodots could effectively accumulate in the tumor after intra-
venous injection due to the EPR effect. In addition, Bao et al. [50] employed erythrocyte membrane (EM) coated nanocarriers to
increase SDT efficacy and in vivo compatibility. Furthermore, the PCN-224@Pt@GOx@EM nanocarriers preferentially aggregate in
tumor tissues via the EPR effect and kill tumor cells by local ROS generation via US irradiation. The passive targeting ability of
nanocarriers has been effectively utilized to enhance drug accumulation in cancerous tissue while minimizing adverse effects. The EPR
effect allows nano-drugs to passively aggregate at tumor sites; nevertheless, the anticancer effects of this effect are limited. Modulation
of tumor vasculature is thought to be a viable method for increasing EPR efficiency [59]. Nitric oxide (NO), as an endogenous gas
transmitter, is frequently utilized to relax blood arteries, improve circulation, and boost oxygen supply. Deepagan et al. [60] prepared
nitric oxide-producing nanoparticles (NO-NPs) for site-specific delivery of NO to tumor sites and showed that NO-NPs increased blood
flow by approximately 30% compared to the control group, in addition to the increased vascular permeability observed after treatment
by in vitro imaging. NO-NPs enhanced the EPR effect and reduced tumor development without causing considerable damage to normal
tissues. Given that the EPR impact is only significant in mouse models, more reliable methods of boosting the EPR effect in human
tumors and improving treatment efficacy are required.

Table 1
GOx-based passively targeted nanocarriers for tumour therapy.
Nanocarrier style Basic Materials Diameters Half-time = Reach Maximum Biosafety evaluation Tumor Refs
(nm) Accumulation Time Treated
MTO-GOx@vy-Fe,O3 NPs Fe,O3 NPs 154.7 nm N.A. 6h No obvious hemolysis; Breast cancer [48]1

No body wight loss;
Safe for major organs

FeS-GOx@PTX NPs Nanodots 160 nm N.A. 24 h No distinct tissue damage; Breast cancer [49]
Safe for the liver and
kidney
PCN-224@Pt@GOx@EM MOF 121.8 + 3.4 4.21 + 24 h Safe for major organs; Pancreatic [50]
nanocarriers nm 0.17 h No obvious function cancer
damage and pathological
alteration
GOx-Pt-NS Pt-NP N.A. N.A. N.A. No hepatorenal toxicity Cancercolon
CuS-PGH NMs PLL N.A. N.A. 6h Safe for major organs Breast cancer 5
GOx-MnCaP NPs MnCaP 131 + 26 N.A. N.A. Hemolysis below 2.26%; Breast cancer [53]
nm No body weight loss;
Safe for the liver and
kidney
GMCD MnCaP 138 + 36 48 h 24 h No obvious hemolysis; Breast cancer [54]
nm No body weightloss;
Safe for major organs
PGC-DOX CuCaP 88 + 17 nm 24h 12h Hemolysis below 3.0%; Breast cancer [55]

No body weight loss;
Safe for major organs
GOx-based NPs SRF/tPy-Cy/PTX 178.4 nm N.A. 24h No significant acute Breast cancer [56]
toxicity;
No obvious hemolysis
pGUnTG65 glycopolymer 145 nm 2.814 + 4h No blood biochemical Breast cancer [571
1.104 h abnormalities;
Safe for major organs
PMNSG PdMo bimetallene 56 nm N.A. 4h No pathological Breast cancer [58]
nanosheet abnormality or
inflammation;
No abnormalities in blood
biochemistry

Abbreviations: PTX: paclitaxel; GOx: glucose oxidase; MTO: mitoxantrone; Pt: platinum; EM: Erythrocyte membrane; MOF: metal-organic frame-
work; NM: nanomedicine; PLL: poly(r-lysine); GMCD: catalase and sinoporphyrin sodium in the manganese(Mn)-doped calcium phosphate miner-
alized glucose oxidase nanoparticles; PGC-DOX: poly(ethylene glycol) (PEG)-modified glucose oxidase (GOx) as a template to form biodegradable
copper-doped calcium phosphate (CuCaP) NPs; SRF: sorafenib; PTX: paclitaxel; PMNSG: PdMo bimetallene nanosheet + Glucose oxidase.
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Table 2

Summary of GOx-based active targeting nanocarriers for delivering anti-cancer drugs.
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Ligands/
Exogenous
stimuli

Nanocarrier styles

Target spot

Half-
time

Reach Maximum
Accumulation Time

Biosafety evaluation

Tumor Refs
Treated

RGD-guided

HA-guided

FA-guided

Met/GOx@His/ZIF-8~RGD

RGD-mGZD

ICGOx@I0-Dox-EGCG-PPP
AuNP-PEG-RGD-GOx plus Dox
Cur@MOF-GOx/HA

Fe30,@MON/MnO,@HA-
GOD/Sor

Pd@Pt-GOx/HA

IrO,-GOx@HA NPs

DOX&GGF@ZIF-8@HA

FC-BBR/IND@GOD@HA NPs
HG-MIL@PDA NPs

PTFCG@MH

PBMO-GH

Cu-MOF/GOD@HA

PTX/MnO,/GOx-Lip-HAs

MSNs-GOx/PLL/HA

AS/GOD@HA ZnO NPs

MPG-HA Nanoparticles

MnO,-PDA-FA

FeHF-GOx/CAT
Hb-PDA-Fe@GOD@PEG-FA

AR6-DOX-GOx@PDA-FA-
Siram

ayPs integrin

ayPs integrin

ayPs integrin
ayP3 integrin
CD44 receptor

CDA44 receptor

CD44 receptor

CD44 receptor

CD44 receptor

CD44 receptor
CD44 receptor

CD44 receptor

CD44 receptor

CD44 receptor

CDA44 receptor

CD44 receptor

CD44 receptor

CD44 receptor

folate receptor

folate receptor
folate receptor

folate receptor

2.63h

N.A.

N.A.
N.A.
N.A.

N.A.

N.A.

N.A.

N.A.

N.A.
4.84h

N.A.

3.11h

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.
N.A.

N.A.

4h

24 h

N.A.
24 h
N.A.

N.A.

12h

6h

48 h

N.A.
24 h

1h

6h

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.
24 h

N.A.

No body wight loss;
Safe for the liver and
kidney;

No blood
biochemistry
abnormalities.

No body wight loss;
Safe for the major
organs;

No blood
biochemistry
abnormalities.

No effect on heart
N.A.

No body wight loss;
Safe for the liver and
kidney;

Hemolysis below 5%;
No body wight loss;
Safe for the major
organs;

Safe for the major
organs;

No blood
biochemistry
abnormalities.

No body wight loss;
Safe for the major
organs;

No body wight loss;
Safe for the major
organs;

N.A.

No body wight loss;
Safe for the major
organs;

No body wight loss;
Safe for the major
organs;

No body wight loss;
Safe for the major
organs;

Hemolysis below
4.12%;

Hemolysis below 4%
Safe for the major
organs;

No blood
biochemistry
abnormalities.

No body wight loss;
Safe for the major
organs;

No body wight loss;
Safe for the major
organs;

Safe for the major
organs

N.A.

No body wight loss;
No blood
biochemistry
abnormalities.

N.A.

Breast cancer [63]

Cervix cancer [64]
Glioblastoma

Melanoma [65]
Breast cancer [28]
Breast cancer [66]

Liver cancer [67]

Breast cancer [68]

Breast cancer [69]

Breast cancer [70]1

Liver cancer [71]
Breast cancer [72]

Breast cancer [73]

Breast cancer [74]

Breast cancer [75]
Cervical [76]
cancer

Breast cancer [77]
Liver cancer

Breast cancer [78]

Breast cancer [79]

Liver cancer [80]
Breast cancer [81]
Cervical [82]
cancer

Melanoma

Liver cancer [83]

(continued on next page)
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Ligands/ Nanocarrier styles Target spot Half- Reach Maximum Biosafety evaluation Tumor Refs
Exogenous time Accumulation Time Treated
stimuli
AS1411 Gel-GOx-Fc nucleolin N.A. N.A. N.A. Cervical [84]
aptamers cancer
Breast cancer
anti-LILRB4 FTG/L&SMD LILRB4 N.A. N.A. Safe for the major Lung cancer [85]
Antibody organs;
Hemolysis below 4%);
TrF IGTCDs Transferrin N.A. N.A. Safe for the major Gliomas [86]
receptor organs;
light-guided Ce6/GOx@ZIF-8/ cancer- N.A. N.A. Safe for the major Breast cancer [87]
PDA@MnO2 targeting NIR organs;
CPPO@porphyrin- cancer- N.A. N.A. Safe for the major Breast cancer [88]
MOF@Cancer cell membrane targeting NIR organs;
GOD
COF@GOx&CAT cancer- N.A. N.A. No body wight loss; Breast cancer [89]
targeting NIR Safe for the major
organs;
No blood
biochemistry
abnormalities.
GOx/CAT-NC cancer- N.A. N.A. N.A. Breast cancer [90]
targeting NIR
GOx-MSN@MnPc-LP cancer- N.A. N.A. No body wight loss; Breast cancer [91]
targeting NIR Safe for the major
organs;
vy-PGA@GOx@Mn,Cu-CDs cancer- N.A. 36 h No body wight loss; Breast cancer [92]
NPs. targeting NIR Safe for the major
organs;
MONs-GOx@MnO,—Ce6 cancer- N.A. 4h No body wight loss; Cervical [93]
targeting NIR Safe for the major cancer
organs;
CPCG cancer- N.A. 4h No body wight loss; Cervical [94]
targeting NIR Safe for the major cancer
organs;
HMSNs-GOx-Ce6@CPPO- cancer- N.A. N.A. N.A. Melanoma [95]
PFC/0,@C targeting NIR
ultrasound- PdPt@GOx/IR780 cancer- N.A. N.A. No body wight loss; Breast cancer [42]
guided targeting Safe for the major
us organs;
Hemolysis only 2%
GOD/CAT@ZPF-Lips cancer- N.A. N.A. N.A. Breast cancer [96]
targeting
us
GOx-MnO,/HMME cancer- N.A. N.A. N.A. Breast cancer [97]
targeting
us
TiO,@Pt/GOx cancer- N.A. 24 h No body wight loss; Breast cancer [43]
targeting Safe for the major
us organs;
magnetic-guided ~ GOX@PLGA-Fe304 cancer- N.A. N.A. No body wight loss; Breast cancer [98]
targeting Safe for the major
Magnetic organs;
No blood
biochemistry
abnormalities.
GOD-PTL-Lips@MNPs cancer- N.A. N.A. N.A. Cervical [99]
targeting cancer
Magnetic
HIONCs-GOD cancer- N.A. N.A. N.A. Prostate [100]
targeting cancer
Magnetic
pLFePt-GOx cancer- 4.2h N.A. No body wight loss; Breast cancer [101]
targeting Safe for the major
Magnetic organs;

Abbreviations: Met: metformin; ZIF: histidine; His: zeolitic imidazolate framework-8; RGD-mGZD: composed of RBCm, DSPE-PEG2000-RGD pep-
tide, ZIF-8, GOx and DOX; ICG: indocyanine green; IO: iron oxide; EGCG: Epigallocatechin-3-gallate; Cur: curcumin; MOF: metal-organic frame-
works; GOx: glucose oxidase; GOD: glucose oxidase; PEG: Polyethylene glycol; IrO2: iridium dioxide; Cur: curcumin; AS: Artesunate; HA: hyaluronic
acid; Sor: Sorafenib; MON: mesoporous organosilica nanoparticles; GGF: GOx and GA/Fe nanocomplexes; BBR: Berberine; PDA: polydopamine; HG:
HA and GOx; MIL: metal-organic frameworks (MOFs) based on iron(IIl) carboxylate material; Ce6: chlorin e6; MnO2: manganese dioxide; PB:
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prussian blue; MSNs: mesoporous silica nanoparticle; Fc: ferrocene; TRF: transferriny MIONzyme: iron oxide-based nanozymes; COF: porphyrin-based
covalent organic framework; CAT: catalase; MnPc: manganese phthaleincyanide; LP: Liposome; y-PGA: polymer-poly (y-glutamic acid); CD: carbon
dots; CPCG: polyethylene glycol (PEG) functionalized cerium oxide nanoparticles (CeO5) with photosensitizer chlorin e6 (Ce6) and glucose oxidase
(GOx); HMSNs: hollow mesoporous silica nanoparticles; CPPO:bis[2,4,5-trichloro-6-(pentyloxycarbonyl)phenyl] oxalate PFC: perfluorohexane; ZPF:
the frameworks of zeolitic pyrimidine; HMME: hematoporphyrin monomethyl ether; PLGA: poly(lactic-co-glycolic acid); PTL: parthenolide.

3.2. Active targeting

Even though tumor-targeting capabilities might be passively improved by nanotechnology-based drug delivery via the EPR effect,
accumulating evidence suggests that drug penetration and accumulation in tumor tissues still need to be improved [61]. Active tar-
geting nanocarriers can be designed based on two different targeting mechanisms, ligand-directed targeting [62] and physical-directed
targeting of the tumor cells (Fig. 2). Ligand-directed active targeting is presented in terms of tumor-penetrating peptides
arginine-glycine-aspartic acid (RGD), hyaluronic acid (HA), and folate (FA), while physically-directed active targeting focuses on the
application of exogenous laser, ultrasound, and magnetic fields (Table 2).

3.2.1. GOx-based ligand-instructed active tumor targeting therapy

Active targeting nanomaterials are often modified by tumor penetration peptides (RGD), HA, FA, or other tumor marker ligands,
conferring specific targeting ability while lowering non-specific targeting. In view of the variety of ligand modifications, we will use
representative RGD, HA, and FA ligands as examples.

3.2.1.1. RGD. The RGD peptide is a tumor-homing and tissue-penetrating peptide that binds to a,f3 integrins and then enzymatically
forms CRGDK/R, which interacts with neuropilin-1 to enhance medicine tissue penetration and tumor targeting [102]. The RGD
peptide is currently gaining interest as a promising delivery moiety for enhancing chemotherapeutic agent intra-tumoral penetration
via angiogenetic arteries [103]. Covalent conjugation and co-administration with anti-cancer chemicals or drug delivery vehicles are
two ways RGD technology can be used to improve chemotherapeutic efficacy [104]. Given the importance of anaerobic glycolysis in
tumor cell proliferation [105], treating tumors by disrupting their metabolic pathways has evolved into a sophisticated strategy. Some
related work has been reported. For example, Meng et al. [63] developed smart nanodrugs for cancer synergistic therapy that are based
on glucose depletion and glycolysis suppression. Met and GOx were encapsulated in His/ZIF-8 and coated with RGD peptide for
enhanced targeting to obtain the desired nanodrug (Met/GOx@His/ZIF-8), and based on in vitro and in vivo experiments, the com-
bination of glycolysis inhibition and starvation therapy compared with Met- or GOx-mediated monotherapy showed efficient cancer
cell growth inhibition and superior antitumor properties. Using an RGD-targeting peptide, Ke et al. [64] constructed a multifunctional
MOF nanoparticle with erythrocyte membrane modification for co-starvation chemotherapy. The addition of the erythrocyte mem-
brane increases blood circulation time, while the RGD peptide alteration allows for preferential targeting of the tumor site. The TME
increased GOx starvation therapy and caused the structural collapse of MOF, causing DOX release and thereby enhancing chemo-
therapy, according to the findings. In addition, Wu et al. [106] created biodegradable nanocatalysts to accomplish targeted/synergistic
cancer nanodrugs and controlled CO release by altering the TME. To exclusively target o,ps integrin overexpressing cancer cells, the
nanocatalysts combined GOD and H30»-sensitive manganese carbonyl (MnCO) encased hollow mesoporous organosilicon nano-
particles (HMONS), along with RGD for surface modification. By combining gas therapy and starvation therapy, the nanocatalysts
achieved excellent efficacy at the cellular level as well as in animal tumor xenograft models. Although GOx-based therapy coupled with
chemotherapy can suppress tumor growth, antineoplastic medication efficacy will be hampered if multi-drug resistance (MDR) arises.
Zhang et al. [28] created a nanocouple (AuNP-PEG-RGD-GOx) that specifically targets cancer cells with RGD-targeting peptide, which
interferes with cancer cells’ metabolic disorder by exhausting intracellular glucose and O, thereby raising cancer cell sensitivity to
chemotherapy. Meanwhile, H,O2 and gluconic acid synthesis causes apoptosis in chemotherapy-sensitive cancer cells. This combi-
natorial therapeutic technique significantly slows the evolution of MDR and reactivates drug-sensitive MDR breast cancer cells. Despite
encouraging evidence in the literature, significant challenges remain, such as non-specific adhesion since RGD receptors are found in
both benign and pathological tissues.

3.2.1.2. HA. Hyaluronic acid (HA) is a naturally occurring acid mucopolysaccharide found in synovial fluid and the extracellular
matrix [107]. Due to its excellent biocompatibility, HA has been widely used in tissue engineering, drug delivery, and molecular
imaging [108,109]. HA-modified inorganic nanocarriers for GOx and antitumor drug co-delivery have been shown in studies to have a
wide range of applications. Since endogenous GSH scavenges eOH and insufficient intracellular H,O5 limit CDT efficacy, Li et al. [76]
introduced a high-efficiency nanodrug delivery method (PTX/MnO,/GOx-Lip-HAs) for improving tumor targeting and CDT efficacy.
The addition of HA increased the targeting of nanocarriers and displayed effective tumor suppression with few side effects. Similarly,
Ren and colleagues [78] created HA-functionalized ZnO NPs that co-delivered Artesunate (AS) and GOD. The affinity of HA and CD44
receptors boosted the active targeting of ZnO NPs, whereas ZnO NPs released loaded AS and GOD in acidic TME while generating
excess ROS generation, resulting in tumor cell destruction. This combination of ROS-based oxidative damage and starvation therapy
resulted in superior cancer treatment outcomes. Fu et al. [110] used a biomineralization technique to create a tumor-targeting and
TME-activated calcium phosphate (CaPO4) nanotherapeutic system based on GOx and loaded with r-arginine (L-Arg) and modified HA
to achieve active selectivity for CD44 overexpressed cancer cells. A strong synergistic therapeutic effect was observed in 4T1
tumor-bearing mice via the cascade interaction of GOx and L-Arg, with no major toxic side effects. A unique multifunctional nano-
reactor PA@PtGOx/HA was effectively created by Ming et al. [68] to address the low efficacy of GOx-mediated starvation therapy as
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well as any potential adverse effects on healthy tissues. The treatment efficacy and biosafety are significantly increased while it can
target CD44 overexpressing cancer cells with intracellular Hyase-responsive GOx, CAT-like and peroxidase (POD)-like activities and
GSH oxidation capabilities. Furthermore, GOx synergized with PA@Pt to deplete intratumoral glucose and create ¢OH to provide
starvation-enhanced CDT for efficient cancer therapy.

3.2.1.3. FA. Folate (FA) [111] is an essential B vitamin for DNA replication and cell division. Most cancer cells contain higher
quantities of folate receptors on their surfaces; thus, the folate receptor can be a therapeutic target for tumors. Given that high GSH and
hypoxic circumstances restrict the efficacy of GOx-mediated starvation therapy, Song et al. [80] developed a porous clad spherical
structure and modified it with polydopamine (PDA) and FA, while loading GOx and CPT Foremore, enzyme-laden nanosystems with
multimodal therapeutic activities are becoming increasingly popular in the treatment of cancer, and Wen et al. [81] devised and
manufactured a cascade of dual enzyme-enhanced Fe-hemoporfin framework nanosensitizers for synergistic
acoustodynamic-starvation tumor treatment. The PEGylated FA modification successfully prolonged the cycling cycle of
enzyme-carrying nanosystems and improved their targeting, while FeHF-GOx/CAT enhanced the therapeutic efficiency of SDT. Similar
to this, Yuan et al. [82] prepared nano-modulators using simple self-assembly between polymers (PDA and PEG-FA), catalysts (Fe), and
proteins (Hb and GOD), which consists of hemoglobin (Hb) and ferric ion (Fe®H) co-conjugated PDA as core, GOD as shell, and FA
modified polyethylene glycol (PEG) as the corona. The results of in vitro and in vivo tests revealed that tumor-bearing mice had good
tumor suppression and high survival rates after nanomodulator administration. The binding of FA to folate receptors improves tumor
cell endocytosis, and when combined with other medications, the therapy is improved. However, the ligand receptor’s mechanism of
action, which must be examined in terms of affinity, will favor the future development of FA-mediated active targeting.

3.2.1.4. Others. In addition to specific ligands playing a vital role in active tumor targeting treatment, there are other interesting
findings to investigate the tumor targeting therapy. Targeting mitochondria to disrupt redox homeostasis has become a hot topic in
tumor therapy. For co-starvation and PDT, Luo et al. [112] used a composite enzyme nanogel composed of the mitochondrial target
triphenylphosphine (TPP), GOx and CAT, and protoporphyrin IX (PpIX). The nanogel successfully boosted the stability of natural
enzymes and improved the catalytic efficiency of the cascade. TPP can also precisely target the mitochondria of 4T1 cells, thereby
damaging the mitochondria of cancer cells and triggering tumor cell death. As a nanomaterial, carbon dots have been studied and
applied in many aspects, Liu et al. [86] used a hydrothermal technique to create iron-doped orange carbon dots (ICDs) and then
combined the transferrin (TRF) and GOD to create IGTCDs with targeting, therapeutic, and imaging activities. The multifunctional
nanocatalysts accelerated the enzymatic generation of HyO» from glucose, triggering the release of ROS for effective glioma targeting
and killing.

3.2.2. GOx-based physical-instructed active tumor targeting therapy

Ligand-directed active targeting employs ligand-receptor binding to modulate the response ligand on the surface of the nanocarrier;
however, physically guided active targeting uses an applied light, ultrasound, and magnetic field to guide tumor targeting.

Photodynamic targeting therapy, also known as photodynamic therapy (PDT), is a method of treating disease with photodynamic
action in which a photosensitizer and O, are involved in causing functional or morphological changes in the organism’s cells or
biomolecules under the action of light, leading to cellular damage. PDT typically relies on the cytotoxic 10, generated when a
photosensitizer transfers energy from its active state to the adjacent O, in the light radiation environment, killing cancer cells. Due to
their non-invasiveness, light-specific toxicity, and temporal-spatial controllability, PDT has been widely employed in preclinical and
clinical studies. Due to TME containing abundant Hy05, MnO; nanostructures or peroxidase can be utilized to promote Hy05
decomposition and in situ O generation. Thus, cancer starvation therapy and PDT can be enhanced by combining GOx and H20,
administration. Liu and colleagues [73] created self-assembled nanoparticles coated with GOx and Ce6 for PDT to reverse multi-drug
resistance using poly (D, L-lactic-co-glycolic acid) (PLGA), MOF, and MnO,. GOx catalyzed glucose degradation to inhibit ATP gen-
eration, and the resulting HyO, was catalyzed by MnO, to produce oxygen, alleviating tumor hypoxia and sensitizing the PDT, and the
GSH was also consumed by MnO3, to inhibit the tumor’s antioxidant system, resulting in an effective tumor inhibition. Given the high
stability and satisfactory biocompatibility of nanogels [113], Luo et al. [112] prepared a mitochondria-targeting complex enzyme
nanogel loaded with GOx and CAT by a simple synthetic method, which catalytically enhances PDT to generate ROS through cycling
and destroys mitochondria in cancer cells, leading to apoptosis. Due to the catalytic characteristics of iridium dioxide, IrO; nano-
particles (IrO, NPs) were created by Yuan and colleagues [69] via a simple method that possesses excellent photo-
thermal/photodynamic effects as well as peroxidase-like activity. The in situ amplifier produced at the TME by the combination of GOx
and IrOy NPs improved the type II impact of PDT while also exacerbating apoptosis in breast cancer (4T1) cells. PDT is a promising
therapy option for superficial tumors or lesions, but it is ineffective against deep cancer metastasis sites due to light penetration.

Sonodynamic therapy is based on the formation of cytotoxic ROS from the sonosensitizer via ultrasound-triggered cavitation. SDT,
in terms of non-invasive treatment, is more promising than photo-inspired therapy because of deeper tissue penetration, high pre-
cision, fewer side effects, and low cost [114]. Moreover, nanoparticle-based ultrasound sensitizers provide important benefits such as
enhanced efficacy, binding activity, and target specificity of SDT due to the simplicity of design afforded by nanotechnology [115].
SDT is expected to solve the treatment depth and reactive oxygen toxicity of PDT due to the combination of ultrasound and acoustic
sensitizer. Studies have shown that there are three main mechanisms of action of SDT [115,116], ultrasonic cavitation effects, free
radical and 10, production, and US-induced direct cancer cell apoptosis are all examples. Up until now, organic and inorganic
nanoparticles are the two major types of acoustic sensitizers that activate SDT [117]. Organic usually have disadvantages such as poor
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hydrophobicity, low bioavailability, rapid elimination, and insufficient tumor accumulation. In contrast, due to their excellent ul-
trasonic stability, tumor selectivity, and extended blood circulation, inorganic acoustic sensitizers [118] (TiO2) have a strong potential
for SDT applications. For instance, Zhao et al. [43] created a TiO,@Pt/GOx smart nanoplatform by immobilizing the surface of the GOx
onto TiO2@Pt. It promoted systemic tumor suppression after hypoxia relief in the TME using SDT and starvation therapy. However,
before inorganic sensitizers may be employed in the clinic, the issue of unclear biodegradation must be solved. This could explain why
organic chemicals with enhanced biodegradability and biocompatibility are now considered more feasible cancer SDT alternatives. To
further boost SDT efficiency, Bao et al. [50] developed an erythrocyte membrane-encapsulated MOF consisting of porphyrinic
PCN-224 NPs integrated with platinum (Pt) and GOx. Additionally, the tumor absorbs the nanocarriers, which increases the SDT action
by Pt catalyzing the generation of Oy from Hy02 on their surface to relieve tumor hypoxia. Zhang et al. [97] developed a cascade
catalytic nanoplatform coated with acoustic sensitiser (haematoporphyrin monomethyl ether, HMME) and GOx based on MnO NPs.
Due to the HyO» catalysis of MnOj, the oxygen-dependent challenges of starvation therapy and SDT were solved. Similarly, Wen et al.
[81] constructed a dual enzyme (GOx and CAT) nanosystem, which is more efficient in glucose consumption and more efficient in
ultrasound-triggered 10, production.

A magnetic targeting drug delivery system (MTDDS) is a system that directs the motion and concentration of drug-loaded nano-
materials in vivo using an applied magnetic field [119]. Monitoring the magnetic field strength in vitro and targeting drug delivery can
raise drug concentration near the target site, decrease drug dosage, and minimize adverse effects on other normal body tissues. The
eOH can be directly created by various metal ion-mediated Fenton or Fenton-like processes to break down H50> in the tumor site
[120]. Up to now, several works have been published in this regard. For instance, Zhang et al. constructed an autocatalytic Fenton
nanosystem by encapsulating GOx in ZIF and then coating the obtained NPs with a metal polyphenol network [121]. Feng and col-
leagues [122] developed magnetically targeted and TME-responsive nanocatalysts with high enzyme loading and manganese dioxide
(MnO-) nanoshells to avoid early GOD leakage. After entering the tumor cells by magnetic targeting, the anti-cancer efficacy is boosted
by the acidic microenvironment created by GOD starvation therapy and the enormous amount of HyO5 created to stimulate the
subsequent Fenton reaction. Facing the same problem, Chen et al. [123] developed a tumor-targeted and TME-responsive nanoreactor
containing iron tetroxide nanoparticles (Fe304 NPs) and GOD, The one-piece nanoreactor achieved a progressive process of tumor
accumulation, physiological response, glucose depletion and hydroxyl radical production, effectively inhibiting tumor growth. Given
the likelihood that MRI will play a significant role in correcting the Fenton catalyst’s low efficiency and the lack of HyO expression in
cells, Zhou et al. [98] successfully manufactured magnetic nanoparticles for dual-modal imaging (MRI and photoacoustic imaging) to
guide Fenton-like reactions in tumor areas. Further, Zhang et al. [101] used magnetic resonance imaging (MRI) guidance to create a
PDGFB-targeted, biodegradable FePt alloy assembly for chemotherapy and starvation-enhanced CDT. ROS-mediated apoptosis and
iron death, as well as glucose depletion-mediated starvation therapy, yielded excellent anticancer action once again. Magnetic tar-
geting in combination with chemotherapy has demonstrated excellent therapeutic efficacy, Chi et al. [67] constructed multiresponsive
multifunctional magnetic NPs loaded with Sorafenib (Sor), in which Fe3O4 magnetic NPs are coated with mesoporous organosilicon
nanoparticles (MON) to form a “core-shell” structure. GOD catalyzes the synthesis of HyO, from glucose as well as the Fenton reaction
with iron ions to produce eOH, resulting in a potent tumor-killing impact.

4. Conclusions and future perspective

Due to its outstanding p-p-glucose catalytic efficiency, GOx has recently attracted the interest of researchers in the field of cancer
treatment. GOx catalyzes the conversion of glucose to hydrogen peroxide and gluconic acid while also using oxygen. GOx depletes
oxygen for tumor starvation treatment while producing H,O for oxidative therapy. However, starvation and oxidative therapies are
also controversial. With the advancement of nanotechnology [81], nanocarrier systems have alleviated some of the problems
encountered by GOx, and so nanocarriers have evolved to target tumors using GOx as a carrier.

The mechanism of GOx-based nanocarriers killing effect on tumor cells, and active-passive targeting therapy, which includes
ligand-modified and exogenous stimulus-responsive active targeting therapy, are all carefully discussed in this review (laser, ultra-
sound and magnetic field). Additionally, it also emphasizes the critical significance of GOx synergistic therapy and encourages more
and better research on targeted nanomaterials for tumor applications. Although considerable progress has been achieved with GOx-
based nano-targeted tumor therapy, it is still in its early phases, and there is still a long way to go from basic investigations to clinical
translation, as well as some important challenges to overcome.

First, glucose and oxygen serve as substrates for glucose oxidase throughout the body, and GOx-catalyzed glucose generation of
H0, may threaten systemic toxicity [82]. Previous studies have shown that intra-tumoral injection followed by additional antioxidant
supplementation reduces GOx systemic toxicity, as does GOx covalently bound to polystyrene microspheres to prolong H,O5 pro-
duction at the site of delivery. Previous studies have shown that intratumoral injection of antioxidants and covalent binding of GOx to
polystyrene microspheres are effective in reducing the systemic toxicity of GOx. Although GOx oxidizes glucose to produce H,O5 and
gluconic acid, both of which can be employed in starvation and oxidative therapy, GOx is an oxygen-demanding enzyme, and its
catalytic activity is susceptible to the tumor’s hypoxic milieu of the tumor, limiting its utility. As a result, some studies are being
conducted into the role of GOx while autonomously producing oxygen to continually supply GOx for catalysis, creating a positive cycle
that can address GOx inadequacies. To further the therapeutic effect, Wang et al. built a multifunctional therapeutic integrated
nanoplatform (MG@PNPs), while GOx locally consumed glucose to produce tumor cell starvation. The production of O, by MG @ PNPs
can help to increase the effectiveness of oxygen-dependent SDT and starvation therapy [112]. To improve tumor hypoxia and enhance
the efficiency of GOx catalytic reaction, the Huang group [21] created a unique self-oxygenation/hyperthermia-promoted tumor
starvation therapy by building an MNS-GOx nanodrug delivery system with both photothermal and catalytic HoO5 breakdown, which
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may accomplish TME response degradation as well as photoacoustic/magnetic resonance (MRI) dual-modality imaging capability to
track the treatment process. Similar to this, Zhao et al. [108] created TiOy@Pt/GOx with success, which then enabled starvation
therapy and SDT to support systemic tumor suppression while reducing hypoxia in the TME. The effectiveness of starvation therapy
was significantly increased by this self-supply of oxygen catalyzed by Pt, and it also provided a logical plan for GOx-based combination
therapy.

Second, a wide variety of complex therapeutic nanocarriers have been used to include GOx for synergistic tumor therapy.
Nanoparticle surface modifications are mostly employed to improve blood circulation time as well as tumor targeting capabilities.
Their sophisticated manufacture and vulnerability to immune system hazards, however, make them difficult to replicate and restrict
their progress from the bench to the bedside. Studies have shown that microfluidic and non-wetting template (PRINT) technologies
enable high-speed self-assembly of NPs with narrower size distributions, tunable physical and chemical properties, and improved
batch-to-batch reproducibility. As a result, PRINT and microfluidics technologies can meet the demand for industrial-scale nanocarrier
synthesis, which can speed up clinical translation.

Third, before approaching the clinic, the long-term biosafety of GOx nanodrugs must be thoroughly examined by systematic
research. Most GOx-based nanocarriers are non-biodegradable, cannot be eliminated efficiently by the kidneys, and pose a high risk of
systemic toxicity. Thus, degradable nanocarriers should be considered due to the safety of nanocarriers in vivo. The primary focus of
current preclinical studies on the efficacy of nanomedicines is proof-of-concept; however, in-depth in vivo research, including long-
term safety, cannot be exaggerated. A study team [86] created a nano-drug GOx-MnCaP-DOX with both biodegradability and acid
responsiveness of the TME, which was employed to accomplish efficient synergistic treatment of tumor MRI tracing. Meanwhile, the
material breakdown products Ca®* and PO3~ can participate in normal human metabolism; hence, the material has good biosafety and
potential clinical trans-application value. Furthermore, to generate more therapeutically relevant in vivo data, numerous in vivo in-
vestigations of human xenograft tumor models have been frequently used. We hypothesize that patient-derived xenograft tumors
developed from genetically modified or humanized mouse-like animals may perform better than cultured cancer cell lines obtained
from immunodeficient mice. Furthermore, the introduction of artificial intelligence (AI) approaches may be a promising solution to
long-term biosafety issues, since Al is capable of optimizing nanomaterial synthesis as well as fast screening and exploring the in-
teractions of nanomaterials with physiological tissues via simulation experiments [124]. Based on this, we believe that we can consider
generating an open database that can analyze the efficiency of nanoparticle tumor delivery and safety evaluation in real-time.

Fourth, there has been a minor improvement in the selection of active targeting ligands and receptors. Monoclonal antibodies are
employed in targeted therapy because they have excellent selectivity and binding affinity for the target receptor. Its in vivo appli-
cation, however, is exceedingly immunogenic, whereas the antibody fragments scFv and Fab are substantially less immunogenic and
thus preferable for active targeting. Likewise, aptamers with comparable non-immunogenic properties have been chemically improved
for in vivo application. Transferrin and folic acid have been used as targeting ligands to target transferrin receptors and folate re-
ceptors, which are overexpressed not just on tumor cells, but also on metastatic and drug-resistant malignant cells. There is currently
no established best targeting strategy; each has its advantages and disadvantages. Perhaps a combination of tactics can be used to
improve drug delivery precision, paving the path for more successful tailored therapy. In addition, the focus should be on utilizing
basic research to design the optimal nanocarriers for targeting and testing them in a variety of animal models in the future, not limited
to mice, which could be geared toward mechanistic studies while determining delivery efficiencies and laying the groundwork for
clinical translation.

Fifth, analyzing the effect of the nanomaterials themselves and their medicines on clinical translation is critical. First, a crucial
stage in clinical translation is the evaluation of the safety of medications and nanomaterials. Second, we should pay attention to the
stability and release rate of the drug; while nanocarriers play more of a transport role than the actual therapeutic one, the drug itself
still plays the primary therapeutic role. This will help to further ensure the stability of the drug transport process and improve the
release rate of intracellular release, which will help to accelerate the clinical translation; Third, we should prioritize both enhancing
targeting and minimizing costs. Without a doubt, the choice of ligand and its ability to bind will have a substantial impact on targeting
efficiency. Excellent nanomaterials combined with specific ligands can significantly improve targeting, however, boosting precise
targeting will unavoidably increase the economic cost. From the point of clinical translation, the relationship between the two must be
properly balanced; fourth, actual clinical needs and practicality must be examined. Fourth, clinical feasibility should be a key
consideration. Clinical translation of nano drug delivery systems also requires clinical trials to assess their safety and efficacy in
humans to determine their true clinical feasibility. In conclusion, careful consideration of their effects on stability, drug release,
targeting, and safety should guide the choice of nanocarrier materials and the careful inclusion of supplementary pharmaceuticals.
Strict preclinical testing, attention to regulatory requirements, and consideration of scalability and cost-effectiveness for practical
implementation in healthcare settings are all necessary for successful clinical translation.
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